Herein we report the facile synthesis of a quaternary nanocomposite material (hemin-silver coated goldgraphene oxide) and evaluate its efficacy as a novel peroxidase mimetic. A strong synergistic coupling between the various components involved results in an excellent catalytic performance of this nanocomposite. A comparison of the different morphologies of the silver coated gold particles strongly indicates a greater sensitivity of the nanostar morphology over the nanoparticle morphology owing to its high surface-to-volume ratio. Furthermore, the immobilization of hemin and silver coated gold nanostars on a graphene oxide sheet framework imposes a nanoscale confinement, effectively augmenting the overall catalytic performance of the composite. The nanocomposite followed typical Michaelis-Menten theory and electrochemical analysis suggested facilitation of accelerated electron transfer between TMB and H 2 O 2 . A K M value of 2.75 mM À1 suggested a high affinity of the nanocomposite towards TMB. Furthermore, a 2.8 times increase in the maximum reaction rate compared to HRP established the high catalytic activity of the nanocomposite. The nanocomposite demonstrates a nanomolar range sensitivity towards hydrogen peroxide and glucose (limit of detection ¼ 1.26 nM and 425 nM). The nanocomposites have also been employed to develop a paper-based point-of-care diagnostic device. The device has been utilized for detection of glucose in human blood serum samples with satisfactory results.
Introduction
Enzymes are biological catalysts serving a wide variety of disciplines in the paper, chemical and food processing industries, biochemical and medical elds, etc. Natural enzymes are extensively used as catalysts owing to their high catalytic efficiency and substrate specicity. However, their extreme susceptibility to denaturation in stringent conditions restricts their practical applications. Moreover, their complicated and expensive synthesis and storage has led to immense interest in discovering articial enzyme mimetics. 1 Hemin, 2-4 cyclodextrin, 5 porphyrin, 6 graphene oxide, 7, 8 metal nanoparticles, 9-11 etc., have attracted immense attention for the development of enzyme mimetics. Hemin, a natural metalloporphyrin and the active center of heme proteins, which include cytochromes, peroxidases, myoglobins and hemoglobins, exhibits a peroxidase-like activity. 3, 12 Nevertheless, it suffers from poor catalytic activity due to oxidative self-degradation, molecular aggregation to yield inactive dimers and low solubility in aqueous buffers.
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Immobilization of hemin on high surface area materials has led to improved efficiency by the virtue of effective site isolation.
14 Metal nanoparticles like gold, silver, etc. also possess unique catalytic activity accounted to their large surface area and other quantum effects. The intricate interplay between their surface structures, morphology and optical properties bet them for their deployment as chemical and biological sensors. These nanoparticles exhibit local surface plasmon resonance effect (LSPR), in which localized electromagnetic eld peaks on a metallic surface on excitation by an incident light of specic wavelength. This effect is extremely sensitive to the morphology of the nanoparticles, their aggregation behavior and their engulng surrounding media.
nanoparticles have enabled the fabrication of anisotropic nanoparticles such as nanorods, nanotubes, nanoshells and nanostars. Among these, nanostars have received considerable attention owing to their distinguished characteristics such as wide range of tunable LSPR, excellent surface-enhanced Raman scattering (SERS) performance, superior optical detectability, multipeak scattering and high surface-to-volume ratio. 23, 24 Gold nanoparticles (AuNPs) have played a critical role in this domain owing to their excellent optical properties, biocompatibility and facile synthesis. In the past few decades, several efforts have been made to augment the catalytic activity and stability of AuNPs. An interesting approach has been coating of the gold nanoparticles with silver. The intrinsic properties of silver nanoparticles like higher extinction coefficient, higher scattering to extinction ratio and sharp extinction bands, result in the bimetallic nanoparticles having a broader plasmon resonance band than that of individual nanoparticles. 25, 26 Silver nanoparticles have been known to be effective scavengers of H 2 O 2 . However, their optical properties are rarely utilized albeit their high catalytic activity, owing to their self-coalescing property. Hence, a nanocomposite of Au@Ag can result in both superior catalytic activity and unique optical properties.
Recently, graphene oxide has also been reported to possess intrinsic peroxidase-like catalytic activity. 7 On account of its high surface area and rapid electron transfer capability, it has been widely used as an anchoring substrate for various nanomaterials like gold/silver nanoparticles, hemin, iron oxide, etc. to enhance their catalytic efficiency. 27, 28 However, exploration of superior enzyme mimetics with higher stability and sensitivity is vital for the advancement of the biomimetic eld. In addition, colorimetric detection techniques based on such articial enzyme mimetics could facilitate a substantial improvement in the detection limits. Such techniques can allow for rapid, robust and inexpensive detection of various biomarkers obviating the need for laboratory sample evaluation.
Herein, we have reported synthesis of a simple quaternary nanocomposite of gold, silver, hemin and graphene oxide (Au@Ag-H-rGO). The nanocomposite is an ensemble of graphene oxide serving as a matrix for anchoring hemin and silver coated gold nanoparticles/nanostars. A surface coating of silver helped enhance the stability of gold nanoparticles and may have changed its surface properties leading to a higher catalytic activity. Further, a synergistic interaction between the Au@Ag nanocomposites and hemin with graphene oxide led to a highly stable catalytic nanozyme. Interestingly, an investigation on the shape-dependent sensitivity of gold revealed that, the starshaped morphology exhibit superior performance and stability over the spherical-shaped morphology. The synthesized nanocomposites are found to efficiently oxidize the peroxidase substrate TMB in the presence of H 2 O 2 , exhibiting an overall excellent catalytic activity. The exploitation of the nanostar morphology amalgamated with the embedment over GO sheet led to the development of a highly sensitive and selective colorimetric sensor for H 2 Synthesis of AuNP@Ag-hemin-rGO and AuNS@Ag-heminrGO nanocomposites Synthesis of hemin-rGO. Graphene oxide was synthesized using the modied Hummer's method. 31 H-rGO was prepared by following standard procedure. 32 Briey, 10 mg of GO was mixed with 20 mL of HPLC water in a ask and ultrasonicated for 30 min at room temperature. Next, 20 mL of hemin aqueous solution (0.5 mg mL À1 ) was added, followed by an addition of 200 mL of ammonia solution. Then, 30 mL hydrazine hydrate was added dropwise to the above solution. The resulting solution was vigorously stirred for 10 min and then reuxed at 60 C for 4 h. Further, the solution was ltered and washed through repeated centrifugation with HPLC water. The nal solution was stored at 4 C until use.
Synthesis of gold nanostar/nanoparticle (AuNS/AuNP). AuNSs were prepared using a seed mediated growth approach according to a previously reported procedure. 24 In brief, to produce 12 nm gold seed solution, 100 mL of 1 mM HAuCl 4 aqueous solution was boiled under vigorous stirring, and then 15 mL of 1% tri-sodium citrate dihydrate aqueous solution was added. The resultant solution was kept boiling and stirring for an additional 15 min and was then cooled to room temperature in an ice bath. Aer ltration through a nitrocellulose membrane (pore size, 0.22 mm), the solution was stored at 4 C.
Gold nanostars were prepared by consecutive additions of 10 mL HAuCl 4 (0.5 mM), 10 mL 1 N HCl, 50 mL ascorbic acid (0.1 M) and 100 mL AgNO 3 (1 mM). 100 mL of the gold seed solution was added while continuously stirring the above solution. The solution was further stirred for 15 minutes followed by an addition of a 100 mL, of 0.1 M CTAB solution and additional stirring was carried out for 5 min. The resulting solution was then centrifuged at 5000 rpm for 30 min at 4 C and the supernatant was discarded. The as-prepared AuNSs were redispersed in 10 mL of CTAB solution (1 mM) for further use.
Gold nanoparticles (AuNPs) of size 30 nm were synthesized using the kinetically controlled seeded growth strategy.
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Synthesis of silver coated gold nanostar/nanoparticle (AuNS@Ag/AuNP@Ag). Three different kinds of AuNS@Ag nanocomposites were prepared by adding 0.1 M of AgNO 3 in different volumes (5, 10, and 15 mL) to a 1 mL AuNS solution. The samples were denoted as AuNS@Ag-5, AuNS@Ag-10 and AuNS@Ag-15. AgNO 3 was reduced through an addition of an equivalent volume of ascorbic acid (0.1 M) and 2 mL of NH 4 OH. The color of the solution was found to darken out within the rst 5 minutes of the mixing. The stabilization of the dark color in this case turn out to be an indicator for the successful completion of the reaction. The preparation of AuNP@Ag nanocomposites was similar to AuNS@Ag, with an exception of AuNP solution added in place of AuNS solution. AuNP@Ag nanocomposites were prepared only with 5 mL AgNO 3 , and depicted as AuNP@Ag-5.
Synthesis of AuNP@Ag-hemin-rGO/AuNS@Ag-hemin-rGO. The wet-chemical method was utilized for the synthesis of nal AuNP@Ag-H-rGO/AuNS@Ag-H-rGO nanocomposites. In the process, an equal amount of AuNP@Ag/AuNS@Ag nanocomposite and H-rGO was mixed and diluted with 10 mL of HPLC water. The mixture was ultrasonicated for 12 h. The prepared solution was ltered and washed through repeated centrifugation using HPLC water and vacuum dried to obtain the nal AuNP@Ag-H-rGO/AuNS@Ag-H-rGO nanocomposites (Scheme 1).
Characterization UV-visible spectra (UV-vis) were measured using an Evolution 300 spectrophotometer (Thermo Scientic). High resolution TEM (HR-TEM) and scanning-transmission-electron microscopy (STEM) images were recorded using a FEI Titan G2 60-300 TEM operated at 300 kV. The X-ray diffractometry (XRD) was performed on a Bruker D8 Advance X-ray diffractometer with Cu Ka (k ¼ 0.154 nm) radiation (Bruker AXS, Germany). The Raman spectra were recorded on a confocal Raman microscope with 10Â objective using an excitation laser light of wavelength 532 nm. Energy dispersive X-ray spectroscopy (EDS) (Oxford instruments) in conjunction with Sigma Field Emission Scanning Electron Microscope (CARL ZEISS) was used for chemical microanalysis of nanocomposites. Dynamic light scattering (DLS) and zeta potential measurements were carried out on a Beckman Coulter Delsa Nano C. Thermogravimetric analysis (TGA) proles were obtained between 20 C and 650 C in O 2 using a Simultaneous Thermal Analyzer (STA) 8000 (Perkin Elmer Ltd.) instrument. The cyclic voltammetry measurements were carried out by BASi Epsilon Eclipse™. The pH values of the buffer solutions were recorded using a Labman benchtop pH
Scheme 1 Schematic representation of the synthesis of H-rGO and AuNP@Ag-H-rGO.
meter. Particle sizes were measured by image analysis of the TEM images using ImageJ soware. Photographs of the samples in cuvettes and on paper were taken using a Nikon D3200 digital camera.
Catalytic activity and kinetic state assays of AuNP/AuNS@Ag-H-rGO
In order to study the catalytic activity of the synthesized nanocomposites, 500 mL of 600 mM TMB and 500 mL of AuNP/AuNS@Ag-H-rGO (0. 
Electrochemical study of AuNP/NS@Ag-H-rGO
For conducting the electrochemical measurements, the glassy carbon electrodes (GCEs) were polished subsequently with 0.3 and 0.05 mm alumina slurry, rinsed with HPLC water, washed successively with ethanol and HPLC water in an ultrasonic bath and dried in air. Then, the AuNP/AuNS@Ag-H-rGO modied GCEs were prepared by dropping 10 mL of AuNP/AuNS@Ag-HrGO (3 mg mL À1 ) solution on the surface of the GCE, and air dried overnight.
Preparation of human blood serum samples
To demonstrate the practical feasibility of the proposed detection assay, three human blood samples were collected and analyzed. All samples were centrifuged at 2000 rpm for 10 min to extract the serum. The supernatant was then diluted 20 times using sodium phosphate buffer (0.1 mM, pH ¼ 7). Further, the samples were spiked with known concentrations of glucose to establish the selectivity of the assay.
Results and discussion
Characterization of the AuNP/AuNS@Ag-hemin-rGO
To monitor the successful synthesis of the nanocomposites, UVvisible spectroscopy (UV-vis) was utilized at every step. The spectrum of Au seeds showed an absorption maximum at 517 nm, conrming the synthesis of 12 nm sized particles (Fig. S1 †) . The absorption spectra of rGO, hemin and H-rGO are shown in Fig. S2a . † An aqueous dispersion of rGO exhibits a strong peak at 272 nm. In case of pure hemin the strong peak at 385 nm can be ascribed to the Soret band and a broad weak peak around 600 nm assigned to the Q-bands. Further, a red shi of the Soret band from 385 nm to 395 nm is observed in the H-rGO spectrum, which may be attributed to the ring p-p* transitions of the Soret band. This may be inferred as an interaction between the porphyrin moiety and the rGO sheet.
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Fig. S2b † illustrates the UV-vis spectra of AuNPs and AuNSs coated with varying amounts of silver, along with TEM images of a few representative samples. Initially, AuNPs and AuNSs showed respective strong peaks at 527 nm and 582 nm. But, with the increasing amount of coated silver, a progressive blueshi in the surface plasmon wavelength has been observed. For example, the peak at 582 nm corresponding to AuNSs has been blue shied to 437 nm on addition of 5 mL of silver nitrate. It has been observed from the TEM images that the silver rst grows over the core region of the AuNS core and then over its branches. It has been seen that using a lower amount of Ag leads to the synthesis of AuNS structure with exposed branches. Hence, all the subsequent experiments and characterization were performed using AuNP@Ag-5-H-rGO and AuNS@Ag-5-HrGO. The UV-vis spectra of AuNP@Ag-H-rGO and AuNS@Ag-H-rGO are presented in Fig. 1 . The spectra showing prominent peaks of 270 and 385 nm conrms to the presence of rGO and hemin in the structures. In addition, the peaks at 428 and 437 nm correspond to AuNP@Ag and AuNS@Ag respectively. (Fig. 2a) . Fig. 2b shows the TEM image of silver coated gold nanostars. The crystallinity of the particles was established by the well-dened diffraction patterns (inset). Fig. 2c and d illustrate the morphology of the as-synthesized nanocomposites by TEM where, AuNP@Ag/AuNS@Ag and hemin can be seen localized and well dispersed over the rGO sheets. The acquired SAED patterns of the same conrm the crystalline structure of the nanocomposites (insets). H-rGO and AuNS@Ag-H-rGO nanocomposites have been further identied using X-ray diffraction (XRD) patterns as shown in Fig. 3a . The characteristic peaks corresponding to (002) at angle 22.82 conrms the existence of hexagonal structure of rGO. Further, ve diffraction peaks (111), (200), (220), (311) and (222) conrms face centered cubic structure of Au and Ag (PDF 00-004-0783, PDF 00-004-0784). The diffraction peaks of gold and silver show high overlap with each other mostly owing to their similar lattice constants (Au ¼ 0.4080 nm and Ag ¼ 0.4086 nm). 35 Shown in Fig. 3b is the Raman spectra of AuNP@Ag-HrGO and AuNS@Ag-H-rGO nanocomposites. In its nonaggregated state, the AuNS@Ag-H-rGO shows approximately 2.5 AE 0.2 times higher signal intensity compared to AuNP@Ag-H-rGO. A major signal enhancement has been observed along with a blue-shi in the Raman band at ve peaks corresponding to 299, 481, 712, 1309, 2436 cm À1 implying a synergistic interaction between H-rGO and AuNS@Ag. Energy dispersive X-ray spectroscopy (EDS) was utilized to analyze the elemental distribution of the as-synthesized nanocomposite (Fig. S5 †) . The peaks of Au, Ag, Cl and Fe suggested successful loading of hemin and AuNS@Ag on the rGO sheets. A strong negative charge of 24 mV and 57 mV revealed by zeta potential analysis indicated the high colloidal stability of AuNP@Ag-H-rGO and AuNS@Ag-H-rGO as a result of the acting intermolecular repulsion forces (Fig. S6 †) . The loading content of hemin, AuNP@Ag and AuNS@Ag calculated using thermal gravimetric analysis (TGA), was found to be about 10 wt%, 29 wt% and 30 wt% respectively (Fig. S7 †) . 
Catalytic activity of AuNP/AuNS@Ag-H-rGO
To evaluate the peroxidase-like activity of the as-prepared AuNP/ AuNS@Ag-H-rGO nanocomposites, the catalysis of peroxidase substrate TMB in presence of H 2 O 2 was tested and monitored by UV-vis spectroscopy (Fig. S8 †) . The catalytic properties of 10 wt% hemin in H-rGO, 29 wt% AuNP@Ag, 30 wt% AuNS@Ag and the nal nanocomposites AuNP/AuNS@Ag-H-rGO were investigated. An addition of H 2 O 2 to a solution mixture of TMB and AuNP/AuNS@Ag-H-rGO resulted in an overall blue coloration of the solution. In the absence of the synthesized nanocomposites, the absorbance was quite low and an SPR effect was observed at 652 nm, corresponding to oxidized TMB. 36 On addition of HrGO, an increase in the absorbance was observed, similar to when AuNP/AuNS@Ag was added. Since the loading of AuNP@Ag and AuNS@Ag was similar, it can be safely inferred from the graph that the nanostar morphology led to a higher catalytic activity than that of spherical morphology. Addition of AuNP@Ag-H-rGO showed a stronger catalytic activity, whilst, in the presence of the AuNS@Ag-H-rGO, the absorbance value was increased ten times. This conrmed a synergistic interaction between H-rGO and AuNS@Ag leading to a dramatic stimulation in the catalytic activity of the nanocomposites.
The intrinsic peroxidase-like activity of AuNP/AuNS@Ag-HrGO nanocomposites was further optimized by analyzing the effect of physical reaction conditions like pH, temperature and concentration of H 2 O 2 on their catalytic efficiency (Fig. S9a-c †) . The optimum values for pH, temperature and H 2 O 2 concentration obtained were 4.1, 37 C and 150 mM corresponding to which the maximum catalytic efficiency would be demonstrated. Thus, subsequent experiments were performed under these optimized set of conditions. Next, to investigate the catalytic activity of the as-synthesized nanocomposites, the steady state kinetics of the reaction was analyzed. Fig. 4a , b, S10a and b † show the time-dependent absorbance changes of the reaction solution at 652 nm with H 2 O 2 and TMB as the substrates for AuNS@Ag-H-rGO and AuNP@Ag-H-rGO respectively. The typical Michaelis-Menten curves were obtained by evaluating the slopes (Fig. 4c, d , S10c and d †). Based on the calculated reaction rates, linear double reciprocal plots (Lineweaver-Burk plot) were acquired as shown in Fig. 4e , f, S10e and f. † These were used to nd out the Michaelis-Menten constant (K M ) and maximum reaction rate (V max ). The slopes of all lines were parallel, indicating a characteristic ping-pong mechanism, as observed for native peroxidase (HRP). 37 This indicates that the nanocomposites rst bind and react with the rst substrate, yielding the rst product and then react with the second substrate.
As is evident from Table 1 , the apparent K M values of 0.048 (TMB) and 2.75 (H 2 O 2 ) for AuNS@Ag-H-rGO indicated its higher affinity to the substrates compared to AuNP@Ag-H-rGO which has K M values of 0.062 (TMB) and 2.82 (H 2 O 2 ). This infers that both the nanocomposites exhibit higher affinity to TMB compared to H 2 O 2 . Also, the higher affinity of AuNS@Ag-HrGO can be attributed to the surface morphology of the AuNS@Ag providing a higher surface-to-volume ratio as compared to AuNP@Ag. Further, the rGO sheet acts as a supporting matrix for hemin and AuNS@Ag inhibiting their self-aggregation. Moreover, it connes them in a region which is of nanometric dimensions allowing for the efficient adsorption of the substrates and also improving the catalytic efficiency. The V max of the synthesized nanocomposites showed a 2.8 and 2.1 times increase compared to HRP with TMB as the substrate. As a result of the superior performance of AuNS@Ag-H-rGO, the morphology of AuNS@Ag was further optimized and catalytic performance was evaluated for each of the morphologies. The amount of silver coating on the AuNSs was varied to achieve maximum sensitivity. Fig. S9d † corroborated that AuNS@Ag with an amount of 5 mL of Ag (i.e. AuNS@Ag-5), showed highest catalytic activity. This could be attributed to the fact that with Ag growing mainly on the core, the branches of the Au nanostar remain accessible, hence providing a higher surface-to-volume ratio for bioconjugation of TMB.
Henceforth, a colorimetric method was developed benet-ting from the excellent catalytic activity of the synthesized nanocomposites. The response curves for a mixture of nanocomposites and TMB with varying concentrations of H 2 O 2 were obtained ( Fig. 5a and c) . It was discerned that an increase in the H 2 O 2 concentration led to an overall increase in the absorbance. Fig. 5b and d present the linear calibration plot for the varying concentrations of H 2 O 2 at 652 nm in presence of AuNP@Ag-HrGO and AuNS@Ag-H-rGO respectively. The correlation coefcients were calculated to be 0.9983 and 0.9997 representing a good linear behavior. The range of H 2 O 2 varied linearly between 10 to 35 nM for both AuNP@Ag-H-rGO and AuNS@Ag-H-rGO, and the limit of detection were obtained as 3.096 nM and 1.26 nM, which are at least an order of magnitude lower than the detection limits reported hitherto (Table S1 †).
Mechanism of AuNP/AuNS@Ag-H-rGO as peroxidase mimics
In order to explore a possible mechanism for the catalytic activity of AuNP/AuNS@Ag-H-rGO, an electrochemical study was carried out. Cyclic voltammetry plots were recorded to investigate the catalytic activity of the nanocomposites. Cyclic voltammograms of bare GCE electrode and AuNP/AuNS@Ag-HrGO modied GCE electrodes in the presence of H 2 O 2 are shown in Fig. S11 . † The modied electrodes showed higher reduction current as compared to the bare GCE electrodes, suggesting promotion of electron transmission on their surface. An enhancement in the reduction current for the AuNS@Ag-H-rGO modied electrode is a characteristic of its higher electrocatalytic activity for H 2 O 2 reduction. The high effective specic area of AuNS and the immobilization of hemin and AuNS@Ag on the rGO sheets, allows for an exposure of highly dense catalytically active centers. This may be conducive to an accelerated surfaceconned electron transfer process occurring between the adsorbed TMB and H 2 O 2 to efficiently carry out the oxidation of TMB.
Practical implementation of the peroxidase mimetic for glucose detection Detection in solution form. Taking advantage of the exceptional performance of the AuNS@Ag-H-rGO-TMB system, the proposed assay was further explored by investigating its potential application for detection of glucose. Fig. 6a shows the UV-vis spectra of the resulting solutions aer 5 min of adding varying concentrations of glucose. A typical blue color was observed, whose intensity increased with an increase in the concentration of glucose as depicted by the increasing absorbance. Fig. 6b shows the calibration curve of the absorbance change at 652 nm against glucose concentration. The curve was linear in a range from 2 to 5 mM with a correlation coefficient of 0.9986 (inset). The LOD for glucose was calculated to be 425 nM, which is much more sensitive than the previously reported values (1.12 mM, 38 3.2 mM, 39 4 mM, 11 and 4.1 mM (ref. 40) ). Further, the collected serum samples were analyzed and the glucose concentrations shown in Table 2 were consistent with the results obtained from OneTouch Verio Flex® glucose meter. Hereaer, the serum samples were spiked with known concentrations of glucose (20 mM, 40 mM and 80 mM). Good recoveries were obtained conrming that other entities present in serum had no obvious effect on the catalytic oxidation of TMB demonstrating excellent specicity and selectivity.
Detection on paper-based platform. Paper-based point-ofcare diagnostic devices have been widely used owing to their rapid, robust, inexpensive, easy storage and disposability characteristics. 41 To realize the proposed colorimetric detection scheme as a point-of-care diagnostic tool, a paper-based device was fabricated using Whatman lter paper. The test strips (diameter 2 cm) were prepared by soaking them in a 0.5 mL solution of AuNS@Ag-H-rGO. Next, a solution mixture of GOx and TMB was pipetted onto them aer which they were dried. Then the human blood serum samples were pipetted on the test strips. Fig. 6c shows the photographs of the test strips aer the assay was run. A lower concentration of glucose showed a pale blue color unlike the dark blue coloration observed at higher concentration. The results suggest that the synthesized nanocomposite based paper-based device may be used as a promising platform for on-site rapid detection of glucose. 
